Abstract. The transcription factor c-Myc has been previously shown to be phosphorylated and stabilized by NEMO through direct interaction in the nucleus. Here, we show that NEMO induces up-regulation of the c-Myc target protein, γ-glutamyl-cysteine synthetase (γ-GCS), leading to an increase of intracellular glutathione (GSH) levels and simultaneous enhancement of redox-controlling capacity. NEMO enhanced c-Myc recruitment to γ-GCS promoters and c-Myc was essential for NEMO-mediated γ-GCS up-regulation. The phosphorylation and stabilization of c-Myc by NEMO rendered cells more resistant to ionizing radiation (IR). Thus, the interaction between NEMO and c-Myc may be targeted for the development of strategies to overcome the resistance to radiotherapy.
Introduction
The cellular oncoprotein c-Myc, a basic helix-loop-helix/ leucine zipper transcription factor, plays a critical role in a variety of cellular processes including cell cycle progression, proliferation, differentiation and apoptosis. c-Myc is a protein with an approximate half-life of ~30 min (1) , therefore the regulation of protein degradation mediated by ubiquitinationproteasome pathway is one of the most important mechanisms for the regulation of c-Myc activity (2) . For example, c-Myc stabilization by phosphorylation-associated inhibition of ubiquitination is involved in tumorigenesis process induced by oncogenic Ras activation (3, 4) . c-Myc is known to have two-faced functions. Oncogenic property of c-Myc is emphasized by the general up-regulation of c-Myc expression in most of human cancers during tumor progression (5) . Accordingly, many reports have demonstrated that c-Myc prevents apoptosis in response to a variety of stimuli in a various cellular context. Down-regulation of c-Myc increases susceptibility of M14 melanoma cells to cisplatin through reactive oxygen species (ROS)-mediated apoptosis and glutathione (GSH) depletion is a key factor in this apoptosis induction (6, 7) . c-Myc has also been reported to prevent paclitaxel-induced apoptosis by enhancing paclitaxelinduced endoreduplication (8) . Sensitization of non-Hodgkin's lymphoma cells to ionizing radiation by rituximab is achieved through the inhibition of c-Myc expression (9) . Another study has suggested that c-Myc down-regulation sensitizes melanoma cells to radiotherapy in a p53-independent fashion by inhibiting MLH1 and MSH2 mismatch repair proteins (10) . On the other hand, there have also been many reports evidencing proapoptotic function of c-Myc. c-Myc augments gamma irradiation-induced apoptosis by suppressing Bcl-XL independently of p53 status (11) . c-Myc also promotes apoptosis by triggering a proapoptotic mitochondrial destabilizing activity that cooperates with proapoptotic members of the Bcl-2 family, especially Bax (12) .
In our recent report, we elucidated a new function of NF-κB essential modulator (NEMO)/IKKγ as a c-Myc protein stabilizer independent of IKK activation (13) . NEMO induces phosphorylation at Thr58/Ser62 and concomitant stabilization of c-Myc protein through direct interaction in the nucleus. This modification and stabilization of c-Myc by NEMO enhances the expression of several known c-Myc targets such as cyclin D1, cyclin E and a heavy chain of γ-glutamylcysteine synthetase (γ-GCS H ). Up-regulation of γ-GCS H , a catalytic subunit of an important player of cellular redox control system, suggests the possibility that NEMO influences cellular response to stimuli involving oxidative stress such as ionizing radiation (IR) by regulating the expression of c-Myc target proteins. In this study, we investigated the effect of NEMO-mediated c-Myc phosphorylation/stabilization on the cellular response to IR, and report that NEMO overexpression renders cells more resistant to IR by enhancing the expression of redox-controlling c-Myc target, γ-GCS. Our results suggest that the interaction between NEMO and c-Myc may serve as a good target for the development of strategy to overcome the resistance to radiotherapy.
Materials and methods
Cell culture and plasmid constructs. HEK293 was grown in DME medium supplemented with 10% fetal bovine serum (FBS). Lung cancer cell line H460 was maintained in RPMI-1640 medium supplemented with 10% FBS. The expression vector for HA-NEMO was described previously (13) , and the H460 cell line for stable expression of HA-NEMO was established by retroviral transduction of MFG vector harboring NEMO open reading frame followed by selection in the growth medium containing puromycin at 0.2 mg/ml.
Immunoblotting. Cell lysates were boiled in sodium dodecyl sulfate (SDS) sample buffer, resolved by SDS-polyacrylamide gel electrophoresis (8 or 12.5% polyacrylamide) and transferred to nitrocellulose. After transfer, the membranes were blocked in 5% milk in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.05% Tween-20) for 30 min and incubated with primary antibody in 5% milk in TBST for 2 h at room temperature. The membranes were washed three times with TBST and incubated for 1 h at room temperature in TBST containing horseradish peroxidase-linked anti-IgG. After 3 washes in TBST, immunoreactive products were detected by chemiluminescence with an enhanced chemiluminescence system (ECL, Amersham). Antibodies specific for c-Myc (N-262 or 9E10), NEMO (FL-419), γ-GCS H (H-300), γ-GCS L (FL-274), were purchased from Santa Cruz Biotechnology.
RT-PCR and qRT-PCR. Total RNAs were extracted using TRIzol reagent (Invitrogen) according to the instructions provided by the manufacturer. Two micrograms of total RNAs were transcribed into single-stranded cDNA using Superscript II (Invitrogen) and serial dilutions of synthesized cDNA were used for following PCR amplification. The primers for γ-GCS H mRNA were 5'-ATTGTTATGGCTTTGAGTGC-3' (forward) and 5'-CTGTGCTACCTTCATGTTC-3' (reverse). The primer for γ-GCL L mRNA were 5'-GGAGCATTTACAGCCTTAC-3' (forward) and 5'-CATGAGAATGGATTGATATGG-3' (reverse). GAPDH specific primers used for internal control were 5'-CCATCACCATCTTCCAGGAG-3' (forward) and 5'-CCTGCTTCACCACCTTCTTG-3' (reverse). Quantitative real-time PCR (qRT-PCR) was performed using SYBR Premix Ex Taq II (Takara) and the iCycler real-time PCR detection System (Bio-Rad). The primers for qRT-PCR were as follows: 5'-GAGAACATGAAGGTAGCAC-3' (forward) and 5'-CTTGCTTGTAGTCAGGATG-3' (reverse) for γ-GCS H ; 5'-CCTCCTATTGAAGATGGAG-3' (forward) and 5'-TGACCGAATACCGCAGTAG-3' (reverse) for γ-GCL L .
siRNA transfection. Stealth siRNA duplex oligo nucleotides targeting c-Myc (si-Myc; 5'-UUCUUGCUCCUCAGAGUC GCUG-3') and scrambled non-targeting negative control siRNA (sc-RNA) were purchased from Invitrogen. Cells were transfected with siRNA oligonucletides at a final concentration of 20 nM using the Oligofectamine Transfection Reagent (Invitrogen) according to the manufacturer's protocol.
Chromatin immunoprecipitation assays.
Chromatin immunoprecipitation (ChIP) assay was performed by using a Chromatin Immunoprecipitation Assay kit (Upstate) according to the manufacturer's instruction. Briefly, forma ld ehyd e -c rossl i n ke d ch rom at i n f r ag ment s wer e immunoprecipitated with rabbit normal IgG or anti-c-Myc (N-262) antibodies and the specifically precipitated DNA fragments were detected by PCR amplification using the specific primer sets described previously (14) . The primers for γ-GCS H E box were 5'-GTGTCCGTGCCATCCAGAGAA CAT-3' (forward) and 5'-GGGACGAGTTCTTCCCATATC TGC-3' (reverse). The primers for γ-GCS L E box were 5'-GGG TGCAGCAAACCAACAT-3' (forward) and 5'-GCAAGA ATACTATAATGAAACCCG-3' (reverse). To verify that an equivalent amount of chromatin was used in the immunoprecipitation, PCR reactions were also performed using pre-immunoprecipitation samples representing 0.01% of the total chromatin (input).
Determination of intracellular GSH and ROS level. Intracellular GSH content was determined using Glutathione Assay Kit (Cayman Chemical) according to the manufacturer's instruction. Intracellular ROS production was measured by staining cells with 2'-7'-dichlorofluorescin diacetate (DCFDA; Molecular Probe). Cells were treated with DCFDA at 1 µM in growth medium 20 h after irradiation and incubated at 37˚C for 30 min. The changes in fluorescence intensity were monitored by flow cytometry using a FACS Calibur apparatus (BD Biosciences).
Growth inhibition assay. Cells were seeded in 96-well plates and allowed to attach for 24 h, and then irradiated and allowed to grow for 72 h. The number of viable cells was determined using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazollium inner salt (MTS) reduction assay (Cell Titer 96 AQueous Non-radioactive Cell Proliferation Assay, Promega, Madison, WI) according to the manufacturer's protocol. Three replicates were done for each treatment.
Colony-formation assay. Clonogenic cell survival was evaluated by colony-formation assay. Two hundred cells were seeded on 60-mm dish a day before irradiation. Cells were then irradiated at the indicated doses and allowed to grow to form colonies. After 2 weeks of incubation, cells were fixed with 3.7% formaldehyde and stained with crystal violet. Colonies >0.6 mm in diameter were counted. Three replicates were done for each treatment.
Cell death analysis. Apoptotic cell death was determined by Annexin V-FITC/propidium iodide double staining using Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences) according to the manufacturer's recommendation. The cells were then analyzed using a FACScan flow cytometer (BD Biosciences).
Ionizing radiation of cells. Cells were plated in 3.5-cm dishes and incubated at 37˚C under humidified 5% CO 2 -95% air in culture medium until cells reached 70-80% confluent. Cells were then exposed to γ-rays with 137 Cs γ-ray source (Atomic Energy of Canada, Ltd., Canada) with a dose rate of 3.81 Gy/min.
Results

NEMO overexpression enhances the expression of γ-GCS and GSH level, and modulates the redox response to IR.
We have previously shown that NEMO-induced phosphorylation and concomitant stabilization of c-Myc leads to an increase in the transcriptional activity of c-Myc and accordingly the expression of many c-Myc target proteins including a heavy subunit of γ-glutamyl-cysteine synthetase (γ-GCS H ) (13) . In addition to the role in the regulation of cell cycle, differentiation and apoptosis, c-Myc is also known to play a role in the cellular response to oxidative stress by regulating the expression of γ-GCS, a key enzyme for the first rate-limiting step of glutathione (GSH) biosynthesis (7, 14) . Since the generation of reactive oxygen species (ROS) is one of the main mechanisms by which IR damages cells, it was highly plausible that NEMO-mediated c-Myc stabilization can modulate the cellular response to IR by regulating the expression of γ-GCS. Thus, we examined the expression of γ-GCS in an effort to determine the role of NEMO-mediated c-Myc stabilization in the cellular response to IR. Firstly, we determined the expression of γ-GCS H and γ-GCS L , constituent subunits of γ-GCS, by conventional and quantitative RT-PCR. Both basal and IR-induced levels of γ-GCS H and γ-GCS L mRNA were increased when NEMO was overexpressed (Fig. 1A) . This effect of NEMO on the expression of γ-GCS H and γ-GCS L was also confirmed at the protein level by Western blot analysis (Fig. 1B) .
To test whether the up-regulation of γ-GCS by NEMOmediated c-Myc stabilization is reflected by the change in the cellular GSH level, we next measured intracellular GSH level of the control and NEMO-overexpressing cells before and after IR treatment. The intracellular GSH level of control cells was decreased at 6 h after irradiation and then recovered to the basal level after 12 h. In contrast, as expected from the elevated expression of γ-GCSs, the intracellular GSH level of NEMO-transfected cells was higher both before and after IR treatment with a negligible temporary decrease at 6 h ( Fig. 2A) . Irradiation of cells in general leads to the increase of intracellular ROS level. We reasoned that the elevated intracellular GSH level can modulate such a redox response to IR in NEMOtranfected cells. The increase of intracellular ROS level after IR treatment was significantly reduced in NEMO-transfected cells compared to the control cells, although the basal levels of intracellular ROS were almost identical between the control and NEMO-transfected cells (Fig. 2B) . Taken together, c-Myc stabilization by NEMO overexpression causes up-regulation of γ-GCS expression resulting in the modulation of cellular redox response to IR, through the enhanced synthesis of GSH followed by reduced accumulation of intracellular ROS.
c-Myc stabilization by NEMO renders cells more resistant to IR.
We then examined whether c-Myc stabilization by NEMO affects cellular response to IR. For this purpose, we compared the growth inhibition and apoptosis induction by IR after transfection of a combination of NEMO and siRNA specific for c-Myc. c-Myc protein level was higher in NEMOtransfected cells as previously shown, and the elevated c-Myc level in NEMO-transfected cells could be almost completely removed by transfection of siRNA specific for c-Myc (Fig. 3A) . To assess the effect of c-Myc stabilization by NEMO on growth inhibition, we carried out MTS cell proliferation assay. Growth of the control cells was inhibited by IR at a dose-dependent manner, while this growth-inhibitory effect of IR was almost completely blocked by NEMO transfection (Fig. 3B, left panel) . This effect of NEMO transfection was largely abrogated when c-Myc siRNA had been additionally transfected (Fig. 3B, right panel) . These results suggest that NEMO overexpression renders cells more resistant to IR through the up-regulation of c-Myc. To further support the effect of NEMO-mediated c-Myc stabilization on the cellular response to IR, we analyzed IR-induced apoptosis. Cells that had been transfected and irradiated as indicated were stained with Annexin V/PI and analyzed using FACS. Cells negative for both Annexin V and PI staining were assigned as undamaged live cells. In control cells, about 40% of cells were negative for both Annexin V and PI staining 48 h after irradiation, while about 77% of NEMO-transfected cells remained live after irradiation (Fig. 3C, left panel) . Transfection of c-Myc siRNA significantly restored the apoptotic susceptibility to IR of NEMO-transfected cells (Fig. 3C, right panel) , reconfirming the effect of NEMO-mediated c-Myc up-regulation. Altogether, these results suggest that the modification and stabilization of c-Myc by NEMO renders cells more resistant to IR.
To further demonstrate the effect of NEMO-mediated c-Myc stabilization on the radiosensitivity of cancer cells, we established stable cell line overexpressing NEMO from lung cancer H460 cells. Stable overexpression of NEMO in H460 induced c-Myc up-regulation and increased expression of γ-GCS H and γ-GCS L as expected (Fig. 4A) . Growth inhibition by IR was significantly reduced when NEMO was overexpressed in H460 cells (Fig. 4B) . We then performed colony-formation assay to examine the effect of c-Myc stabilization by NEMO on clonogenic cell survival in response to IR. The number of surviving colonies after irradiation was significantly higher in NEMO-overexpressing cell compared to the control cell (Fig. 4C) , indicating that NEMO overexpression desensitized H460 cells to IR. Apoptosis analysis also showed that NEMO overexpression prevented apoptosis to a significant extent after irradiation in H460 (Fig. 4D) .
Up-regulation of γ-GCS by NEMO overexpression is dependent on c-Myc.
To confirm the role of c-Myc in the up-regulation of γ-GCS by NEMO, we examined whether c-Myc down-regulation affects NEMO-induced γ-GCS increase. Augmented expression of γ-GCS H and γ-GCS L by NEMO overexpression returned to a basal level, when c-Myc expression was knocked-down by siRNA transfection (Fig. 5A) . To examine whether the up-regulation of γ-GCS by NEMO overexpression is through facilitation of c-Myc binding to the promoters of γ-GCS, ChIP assay was carried out. The regions covering E boxes on the promoters of γ-GCS H and γ-GCS L were amplified by PCR from fragmented chromatins immunoprecipitated by specific c-Myc antibody. As expected, NEMO overexpression significantly enhanced the recruitment of c-Myc to the E boxes in the promoter regions of γ-GCS H and γ-GCS L (Fig. 5B) .
Discussion
We have recently demonstrated that NEMO induces phosphorylation and stabilization of c-Myc through direct interaction in the nucleus (13) . Since c-Myc plays critical roles in a variety of cellular processes such as cell cycle progression, proliferation, differentiation and apoptosis, the biological consequences of NEMO-mediated c-Myc phosphorylation/stabilization can be manifested in diverse ways according to the physiological context. As one of continued efforts to address the biological significance of this c-Myc phosphorylation/stabilization by NEMO, we planned to examine the effect on the cellular response to IR.
In this study, we demonstrated that NEMO overexpression activates γ-GCS expression transcriptionally by enhancing the recruitment of c-Myc to the regulatory regions on the promoters of γ-GCS H and γ-GCS L . It has been elucidated that c-Myc phosphorylation at Ser62 confers the promoter specificity of target genes, and is required for the activation of γ-GCS gene expression during the cellular response to oxidative stress (14) . Our previous report showed that NEMO induces c-Myc phosphorylation at both Thr58 and Ser62 as well as protein stabilization (13) . The present result showing γ-GCS up-regulation by NEMO is actually as expected considering these two previous reports. Ras-mediated mitogenic stimuli also converge into the c-Myc stabilization coupled with phosphorylation at Ser62 (4). Therefore, our results raise a question as to whether the interaction between NEMO and c-Myc, which causes phosphorylation and stabilization of c-Myc, is a part of the cascade events in the cellular response to oxidative stress or Ras-mediated mitogenic stimulation. This possibility needs to be investigated in the future.
As to cellular susceptibility to apoptotic stimuli, numerous reports have revealed two-faced functions of c-Myc. c-Myc induces apoptosis and sensitizes cells to various apoptotic stimuli (12, 15) , but also has been reported to protect cells from apoptosis (6, 8, 10) . In this study, we report that c-Myc, when it is phosphorylated and stabilized by NEMO, protects cells from IR-induced cell death. At the same time, the expression of γ-GCS, a c-Myc target protein critical for defense from oxidative stress, was increased. This led to the increase of intracellular GSH level, and consequently alleviates IR-induced ROS increase. Phosphorylation and stabilization of c-Myc by NEMO was thus expected to exhibit protective effect against IR, since ROS generation in addition to DNA damage is one of the main mechanisms of IR-induced cell killing. In contrast, c-Myc is also known to increase ROS in some cases. c-Myc in cooperation with E2F1 potentiate apoptosis through inhibition of NF-κB activity that facilitates MnSOD-mediated ROS elimination (16) . c-Myc activation can increase ROS, and induce DNA damage as a mechanism for oncogene-induced genetic instability (17) . In these cases, γ-GCS may not be induced by c-Myc activation or the redoxcontrolling capacity of γ-GCS, if ever it is up-regulated by c-Myc activation, may be surpassed by ROS-increasing pressure under certain circumstances. Whether and how the NEMO-mediated c-Myc phosphorylation/stabilization influences cellular response to other stimuli remains to be answered.
Since the activity of c-Myc is an attractive target for cancer therapy, numerous efforts have been made to develop c-Myc inhibitors using various approaches, and several small molecules have been identified as an inhibitor of c-Mycinduced transformation (18, 19) . Our data have demonstrated that interaction between c-Myc and NEMO comprises a novel mechanism to regulate c-Myc function at least in the activation of γ-GCS expression making cells more resistant to IR, and thus suggest that the interaction between NEMO and c-Myc may serve as a good target for the development of strategy to overcome the resistance to radiotherapy.
